Study design: Case report. Objectives: To report a case with giant cell tumor (GCT) of C6 vertebra, in which threedimensional (3-D) full-scale modeling of the cervical spine was useful for preoperative planning and intraoperative navigation. Setting: A university hospital in Japan. Case report: A 27-year-old man with a GCT involving the C6 vertebra presented with severe neck pain. The C6 vertebra was collapsed and the tumor had infiltrated around both vertebral arteries (VAs). A single-stage operation combining anterior and posterior surgical procedures was scheduled to resect the tumor and stabilize the spine. To evaluate the anatomic structures within the surgical fields, we produced a 3-D full-scale model from the computed tomography angiography data. The 3-D full-scale model clearly showed the relationships between the destroyed C6 vertebra and the deviations in the courses of both VAs. Using the model, we were able to identify the anatomic landmarks around the VAs during anterior surgery and to successfully resect the tumor. During the posterior surgery, we were able to determine accurate starting points for the pedicle screws. Anterior iliac bone graft from C5 to C7 and posterior fixation with a rod and screw system from C4 to T2 were performed without any complications. Postoperatively, the patient experienced relief of his neck pain. Conclusion: The 3-D full-scale model was useful for simultaneously evaluating the destruction of the vertebral bony structures and the deviations in the courses of the VAs during surgery for GCT involving the cervical spine.
Introduction
Although giant cell tumors (GCTs) of bone have a benign histology, they are locally aggressive tumors. GCT rarely arises in the spine; only 1.3-2.9% of all GCTs of bone involve vertebra above the sacrum. 1, 2 Surgical treatment for GCT involving the vertebral column has been considered highly dangerous because of the presence of neurovascular structures. Previous reports have indicated that wide and complete excision of spinal GCTs is often difficult and that the recurrence rate following surgery is 11-42%. 1, 3, 4 Among the GCTs involving the spine, complete removal of the tumor from the cervical spine is particularly challenging if a vertebral artery (VA) lies close to the neoplasm. Anterior tumor resection from the cervical spine is generally difficult because vertebral bodies are frequently collapsed by infiltrating tumor, and anatomical landmarks in the operative fields are often difficult to identify. In several reported cases of GCT involving the cervical spine, the authors decided against total excision of the tumor owing to the potential risk of VA injury. 5, 6 In the present report, we describe our experience with surgical treatment of a patient with a GCT involving the C6 vertebra. Before the surgery, we produced a three-dimensional (3-D) full-scale model of the cervical spine from the computed tomography (CT) angiography data using the rapid prototyping (RP) technique. The model clearly showed the anatomical relationship between the destroyed vertebral bony structures and deviations in the paths of the VAs. This information greatly assisted our efforts to excise the tumor and stabilize the spine.
A 27-year-old man was admitted to our hospital with neck pain of 6 months duration. Four months previously, after his neck pain increased in the absence of trauma, the patient consulted doctors at another hospital. Radiological examination revealed that he had a fracture of the C6 vertebra, and additional CT examination suggested that the fracture might be pathological. A needle biopsy established a diagnosis of GCT. The patient underwent selective arterial embolization of the tumor as an alternative to surgery. Following the third embolization, which was performed 2 months before his admission to our hospital, the patient felt severe pain in his upper and lower extremities accompanied by motor weakness in his left leg and sensory loss in his right trunk and leg. His motor weakness gradually recovered, but the patient refused further embolization treatments and was referred to our hospital for surgical treatment of the tumor.
On admission, the patient had severe neck pain and needed a Philadelphia collar for sitting. Hypalgesia was present in the right trunk and leg below the level of the T1 segment. Muscle power was almost normal. Deep tendon reflexes were increased in his lower extremities, and he had a spastic gait.
Cervical spine radiographs showed a pathological fracture of C6. Mid-sagittal reconstruction of the CT images showed that almost all areas of the C6 vertebral body were osteolytic ( Figure 1 ). Axial CT images at the C6 pedicle level showed bilateral destruction of the transverse foramina ( Figure 1 ) and tumor infiltration into the left C6 pedicle and lamina (Figure 1 , arrow). Enhanced CT showed that the tumor had also infiltrated around both VAs and that both VAs were shifted laterally (Figure 1, arrowheads) . Magnetic resonance images showed tumor infiltration into the spinal canal and close to the dura mater at the C6 level, but compression of the spinal cord was not seen.
To better evaluate the local anatomical structures in this patient, we produced a 3-D full-scale model of the cervical spine from the CT angiography data using the RP technique, employing the binder jet method.
7 Our 3-D full-scale model clearly showed destruction of the C6 vertebra (Figure 2 , asterisk) and the deviations in the courses of both VAs (Figure 2, arrowheads) . We then performed a simulation of surgery using this model, inserting pedicle screws at C4, C5, T1 and T2 bilaterally ( Figure 3 ). CT images of the simulated screw insertions showed that the insertion points of the left screws were positioned too far laterally, causing these screws to penetrate the medial wall of the transverse foramen uncomfortably close to the left VA ( Figure 3 , arrowheads). The results of the surgery simulation demonstrated the necessity of positioning the insertion points of the screws more medially during the actual surgery.
Our resection of the tumor and stabilization of the spine consisted of a single-stage operation combining anterior and posterior surgical procedures. Starting with a posterior approach, we performed a fenestration at the left C6 lamina and excised the tumor around the left C6 nerve root. We then inserted pedicle screws at C4, C5, T1 and T2 and performed a C4-T2 posterior fixation with a screw and rod system, utilizing the results of the surgery simulation to properly locate the insertion points of the screws. We then moved the patient into a supine position. Using an anterior approach, we performed a C6 corpectomy and extirpation of the tumor. Finally, we then performed a C5-C7 fusion using an autograft from the right iliac crest. During the anterior surgery, we were able to identify clearly the VAs and to resect the tumor around the VAs based Postoperatively, the patient was again fitted with a Philadelphia collar for 3 months, after which time further cervical orthosis was no longer required. After surgery, the patient experienced relief from neck pain, and he returned to work 3 months after surgery. Cervical radiographs 6 months after surgery showed successful C5-C7 fusion ( Figure 5 ) and no evidence of tumor recurrence. CT images at this time showed that the C4 and C5 pedicle screws were properly positioned ( Figure 5 ).
Discussion
RP, a technique initially developed for industrial purposes, is increasingly being utilized in surgical planning. In the field of plastic surgery and craniofacial surgery, RP has been clinically applied to the reconstruction of cranial, mandibular and facial bones. 7 In the field of trauma surgery, Brown et al 8 have produced RP 3-D models of multi segmentary acetabular fractures, which they use to simulate fracture reduction and fixation with plate and screws before carrying out these procedures in the operating room. The authors reported that these 3-D models enabled them to easily evaluate the complex structures of fractured bone and to then treat the fractures with improved precision.
In the field of spine surgery, D'Urso et al 9 produced 3-D full-scale models from raw CT data for five patients with complex spinal deformities and reported on the usefulness of the models for morphological assessment, intraoperative navigation and rehearsal of surgery. To the best of our knowledge, however, no reports have described 3-D models that can directly evaluate the courses of VAs inside the cervical spine. In the present case, the tumor extended close to the VAs on both sides, Figure 3 Simulation of surgery was performed using the 3-D full-scale model (left). Pedicle screws were inserted at C4, C5, T1 and T2 and fixed with a 4.75 mm diameter rod. CT images of the model at C4 (right, upper) and C5 (right, lower) levels show the path of the screws. On the left side, the screws were deviated toward the lateral side, penetrating the wall of the transverse foramen uncomfortably close to the left VA (arrowheads) Figure 4 An intraoperative photograph after C6 corpectomy. The inferior third of the C5 vertebra, the superior third of the C7 vertebra and the right C6 pedicel (P) were also excised. The right VA (arrowheads) was exposed, and the tumor was carefully resected to avoid injury to the right VA (D: dura mater) Figure 5 Lateral (left) and anteroposterior (middle) cervical radiographs obtained 6 months after the operation show complete fusion of the autograft at C5-C7. CT images at C4 (right, upper) and C5 (right, lower) pedicle levels show that the pedicle screws are properly positioned 3-D full-scale model of cervical giant cell tumor M Yamazaki et al deviating the VA courses laterally, and caused evident destruction of both VA foramina. Anticipating that the detection of VAs within the operative field would be difficult, we produced a 3-D full-scale model from the CT angiography data to simultaneously evaluate the bony structures and the blood vessel courses. Our model clearly showed the relationships between the VAs and the vertebral destruction, facilitating our understanding of the anatomical landmarks around the VAs and thereby enabling us to excise the tumor. Previously published biomechanical analyses have shown that pedicle screw fixation is the most rigid fixation method of the cervical spine. 10 However, several authors have expressed concern that inserting pedicle screws into the C3-C6 pedicles would be associated with an unacceptable risk of VA injury. 11, 12 In a study of their experiences with the insertion of 669 pedicle screws into the cervical spine, Abumi et al 10 reported that 45 screws (6.7%) penetrated the pedicle, causing injury to the VA in one patient.
In the present case, we performed simulation of the surgical pedicle screw insertion at C4 and C5 using our 3-D full-scale model. Through this simulation, we were able to determine accurately the starting points for the pedicle screws before the actual surgery, and we did successfully insert the screws. This experience confirmed that simulation of surgery using a 3-D full-scale model can improve the accuracy and safety of reconstructive surgery of the cervical spine.
